Introduction
Organometal trihalide perovskite solar cells are emerging as ap romising new generation of photovoltaic technology owing to the unprecedented rise in their powerc onversion efficiency (PCE) from 3.8 % [1] to 22.1 % [2] in the span of af ew years. So far the record top-performingp erovskite solarc ells usually employ mesoporous TiO 2 (m-TiO 2 )a st he electron transport layer (ETL), which also plays ak ey role in reducing the photocurrent hysteresis. [3] However,t he desired high temperature (> 400 8C) for processing m-TiO 2 increases the fabrication cost and prevents the use of lightweighta nd flexible substrates. In addition, perovskites olar cells based on m-TiO 2 degrade faster under UV illumination, [4] which is ac riticalc hallenge for practical application in terms of long term stability.T herefore, widebandgaps emiconductor metal oxides, such as ZnO, In 2 O 3 , SnO 2 ,a nd Zn 2 SnO 4 ,h ave been investigated as potentiala lternatives to TiO 2 .
[5] Amongt hem, SnO 2 has attracted tremendous attentiona sapromising and effective ETL materialf or high performance perovskite solar cells because of its natureabundant element,l ow cost, excellent chemicals tability, and high electron mobility (100-200cm 2 V À1 s
À1
), suggesting faster transporto fp hotoinjected electrons to the transparent conductiveo xide current collector.M oreover,i nc omparison with TiO 2 and ZnO, SnO 2 hasaw ider band gap (3.6-3.8 eV), which would create fewer oxidative holes in the valence band, resulting in significantly improvedp hotostabilityu nder UV illumination. The lower conduction band minimum( CBM) of SnO 2 would promotet he charge injection. Fang et al. reported solution-processed SnO 2 ETLs for planar perovskite solarc ells with PCE over 17 %.
[5e] Nonetheless the SnO 2 films were thermally annealed at ah igh temperature over 180 8Cf or 1h,w hich is still too high to be well compatible with the roll-to-roll manufacturingo fp erovskite devices and detrimental to most plastic flexible substrates with workingt emperature below 155 8C. [6] Later on, Hagfeldt et al. increased the efficiency of planar perovskite solarc ells employing SnO 2 as the ETL to achieveaPCE of 18.4 %b yatomic layer deposition (ALD) of high quality SnO 2 films.
[5d] In terms of energy band alignment with mixed perovskite (FAPbI 3 ) 0.85 (MAPbBr 3 ) 0.15 ,S nO 2 is more favorable in comparisonw ith TiO 2 ands howed less energym ismatch owing to the deeper conduction band, [5d] in addition to its less absorption in near UV range. Despite of the high PCE achieved, ALD is not as calable,l ow-cost deposition method for large-scale manufacturing. More recently,S nO 2 nanoparticles (NPs) were synthesized by either sol-gel or hydrothermalm ethods as ETL materials for perovskite solar cells. [5f, 7] However, the performance of perovskite devices incorporating solely SnO 2 nanoparticles as ETLs were far from satisfied and the photocurrent hysteresis in these devices was severe, which can be explained by the large density of surface traps of the assynthesized SnO 2 NPs with low conductivity.T hese SnO 2 films still need to be covered by at hin layer of TiO 2 or fullerenet o reducet rapd ensities at the SnO 2 surface and to suppress Inorganic metal oxide electron-transport layers (ETLs) have the potentialt oy ield perovskite solar cells with improved stability, but generally need high temperaturet of orm conductive and defect-less forms, which is not compatible with the fabrication of flexible and tandem solar cells. Here, we demonstrate af acile strategy for developing efficient inorganic ETLs by doping SnO 2 nanocrystals (NCs) with as mall amount of Sb using al ow-temperature solution-processed method. The electrical conductivity was remarkably enhanced by Sb-doping, which increased the carrierc oncentration in Sb:SnO 2 NCs.
Moreover, the upward shift of the Fermi level owing to doping results in improved energy level alignment,w hich led to reduced charge recombination, and thus longere lectron recombination lifetime and improvedo pen-circuit voltage (V OC ). Therefore, Sb-doping of SnO 2 significantly enhanced the photovoltaic performance of planar perovskite devicesb yi ncreasing the fill factor and V OC ,a nd reducing photocurrent hysteresis, extending the potential application of low-temperatureprocessed ETLs in future flexible and tandemsolar cells.
charge recombination at the interface between SnO 2 and perovskite. [5f, 7] Here, we report the successful synthesis of highly crystalline Sb-doped SnO 2 (Sb:SnO 2 )n anocrystals (NCs) through af acile low-temperature solution-processm ethod, and their application as ETL materials for efficient n-i-p planar perovskite solar cells. The thermala nnealing temperature for spin-coated Sb:SnO 2 films is reduced to as lowa s1 00 8C. The introduction of Sb increases the electron concentration, and thus enhances the film conductivity over one order of magnitude and reduces solar cell photocurrent hysteresis in comparison with the pristine SnO 2 .T he extra free electrons partially fillt he surface trap states and shiftt he Fermi level upward, leading to reduced charge recombination and thus improved PCE of perovskite devices from 15.7 to 17.7 %( steady state efficiency).
Results and Discussion
In at ypical synthesis of SnO 2 nanocrystals (NCs), acetic acid and tetramethylammonium hydroxide were used to adjustt he pH of the precursor solution to nearly neutral values, which was identified to be beneficial for the crystallization of SnO 2 NPs.
[8] In addition to the reaction pH, the ratio of water and viscous ethylene glycol allows for the sophisticatedly controlled hydrolysis of metal species, leading to well-dispersed SnO 2 NCs without precipitation for severalm onths. The intentional incorporation of atomic substitutions into semiconductor materials for doping or alloying has been demonstrated as an effective approachf or tailoring optoelectronic properties, such as band gap or conductivity.
[9] Previous studies showed that the best conductivity was achieved in SnO 2 doped with 3-5 mol %S b, which was the result of an optimum combination of high charge-carrier concentrationa nd highm obility. However,t he Sb content cannot be too high, because it would otherwiser aise the effective activation energy of the donor and rapidly decrease the carrierm obility owing to increased disorder or scattering. In this work, as mall amounto fS b( 2, 4, and 10 mol %) was introduced as the n-dopant for SnO 2 NCs. The preliminary results of performance testings hown in Figure S1 (in the Supporting Information) indicate that 4mol %i s the optimum doping content,w hich was used in the following in-depths tudy.T he incorporation of as mall amounto fS b 5 + as n-dopant would induceashallow donorl evel formed close to the conduction band of SnO 2 .
[9d, 10] Synthesis of the pristine SnO 2 resulted in the formation of white particles dispersion, while the color of the resultant colloidal dispersion changed to brownish when the Sb source was added to the reaction system.
The crystallographic structures of the as-synthesized pristine SnO 2 and Sb:S nO 2 NCs were examined by X-ray diffraction (XRD) measurements as shown in Figure 1a .I tw as observed that all diffraction peaks, including (110), (1 01), (2 11), and (112), can be well indexed to tetragonal rutile SnO 2 (JCPDS card:4 1-1445) for pristine and doped NCs. No additional diffraction peaks from other secondary crystallinei mpurities were detected. This indicates that the antimony dopants are evenly distributed and do not cause obvious disruption of the SnO 2 lattice structure. Ap reviouss tudys howed that the SnO 2 lattice can accommodate up to 30 mol %S ba toms without significant structure changes.
[9d] Yett he intensity of the diffraction peaks slightly reduced and the full-width at half maximum (FWHM) increased al ittle bit in the case of Sb:SnO 2 ,w hich is consistentw ith ap reviousr eport that the incorporation of Sb into the SnO 2 crystal lattice caused ad ecrease in the crystalline domain size.
[9c, 11] Transmission electron microscopy (TEM) was used to characterize the morphology of the pristinea nd doped NCs as shown in Figure 1b andc ,r espectively.T he NCs are extremelys mall and have diameters in the range of 2-4nm. Figure 1d exhibits the representative high resolution TEM (HRTEM) image of Sb:SnO 2 NCs. The clear lattice fringes observed in the HRTEM image furtherc onfirmt he high crystallinity of these NCs. The outer ds pacing is measured to be approximately 0.334 nm, corresponding to the interplanar spacing of (110)plane of rutile SnO 2 .
The SnO 2 and Sb:SnO 2 films wered eposited on indium tin oxide (ITO) substrates by spin-coatingt heir colloidal NC dispersion. The top-views canning electron microscopy (SEM) images showni nF igure 2a and br evealed that the films weres mooth and pinhole free. The NCs are too small to distinguish individual particles on the film by SEM, and the extremelys mall size is highly favorable in producing continuous and smooth ETL films. As displayed in Figure 2c ,t he ITOs ubstrates coated with SnO 2 and Sb:SnO 2 films with similar thickness showedc omparable transmittance spectra, which indicates the band gap has not been changed by doping with al ow concentration of Sb. The improved light transmission compared to bare ITO substratesi sc onsistent with ap revious study, [5e] ando fb enefit to enhancet he photocurrent and thusP CE for perovskite solar cells. To study the Sb doping effect, conductivity measurements of both pristine SnO 2 and Sb:SnO 2 films were performed with co-planarf ilms coated on normalg lass. The obtained cur- Figure 2d .C learly, the conductivity of Sb-SnO 2 dramatically increased overo ne order of magnitude in comparison with pristine SnO 2 .T his is most likely ar esult of increased carrierc oncentration. In addition, the extra electrons in the doped Sb:SnO 2 are expected to partially fill the charge traps in SnO 2 .T oi nvestigate and further confirm the Sb-doping, bulk compositional analysis for the Sb:SnO 2 film was performed with energy-dispersive X-ray spectroscopy( EDX). Figure 2e shows the EDX elementl ine scan profile acquired across the film indicating that the Sb-doping is homogeneously distributed within the film. The atomicf raction of Sb is calculated to be approximately4%, which verified the amount of Sb incorporated into SnO 2 NCs.
To study the doping effect in depth and verify the significantly improved electrical conductivity, we constructed n-i-p planar perovskite solar cells that have as tructure of ITO/SnO 2 or Sb:SnO 2 ETL/perovskite/hole transport layer (HTL)/Au electrode as illustrated in Figure 3a .T he relevant energy levels such as the conduction band minimum (CBM) and valence band maximum (VBM)o fe ach component layer in the device are presented in Figure 3b .T he Fermi level of SnO 2 is closely related to the carrier concentration, and an increased electron concentration should push up the Fermi energy level of this ntype conductor.T he amount of Fermi level shift can be estimated from the carrier concentration change with Equation (1), assuming the carrier mobility remains same after doping:
where n 1 and n 2 are the carrierc oncentrationso ft he pristine and doped SnO 2 ,r espectively, E f1 and E f2 are the Fermi levels of the pristine and doped SnO 2 ,r espectively, k is the Boltzmann constant,a nd T is the temperature. The carrier concentrations were then obtained by performing Hall effect measurements on both films. After doping, the carrierc oncentration of the SnO 2 increased from 6.7 10 21 to 8.2 10 22 m
À3
,t hus the upward shift of Fermi level after doping is calculated to be around6 0meV.T he lifted Fermi level of doped SnO 2 matches better with the electron quasi-Fermil evel of CH 3 NH 3 PbI 3 under illumination withoutdragging down the quasi-Fermi level splitting in the device, similartothe effect of reduced energy disorder in fullerene ETL as we reported previously. [12] This is expected to enhancet he open-circuit voltage (V OC )s of the solar cells, which wasi ndeed observed in this study.
To fabricate the perovskite solar cells, the CH 3 NH 3 PbI 3 films were prepared using the two-step interdiffusiona pproach, where PbI 2 and methyl ammonium iodide were sequentially spun onto the SnO 2 -a nd Sb:SnO 2 -coated ITO substrates, followed by as olventa nnealing process. [13] Figure 3c shows the typical compact perovskite films achieved on Sb:SnO 2 ETL with an average grain size larger than 1 mm. 2,2',7,7'-Tetrakis-(N,N-di-4-methoxyphenylamino)-9,9'-spirobifluorene( Spiro-OMeTAD) co-doped with Li + and Co + as the hole-transport material (HTM) was then spin-coated on top of the perovskite films. The devices were completed by thermale vaporation of at op Au electrode. Detailed information on film and device fabrication can be found in the Experimental Section. The cross-section SEM image of at ypical device is presented in Figure 3d .
The photocurrentd ensity-voltage (J-V)c haracteristics of the perovskite solar cells based on SnO 2 and Sb:SnO 2 ETLs are shown in Figure 4a and b, respectively,m easured under ,a nd af ill factor (FF) of 69.6 %, yielding aP CE of 15.7 %. When measured under af orwardv oltage scan, the same devices howedc omparable J SC and V OC but significantly reduced FF of 59.7 %, which resulted in al ower PCE of 13.2 %. Very encouragingly,t he V OC and FF increased dramatically to 1.06 Vand 72.0 %, respectively,i nt he typical perovskite device employing Sb:SnO 2 ETL, resultingi na ne nhanced PCE of 17.2 %u nder backward voltage scan. Moreover,t he Sb:SnO 2 device exhibited much less hysteresis with aP CE of 16.2 % measured under forward voltage scan. All the photovoltaic parameterso ft hese perovskite devices are summarized in Ta ble 1. Such ag reat enhancement in photovoltaic performance reveals the crucial role of Sb-doping.A sd iscussed previously,t he electrical conductivity was remarkably increased in Sb:SnO 2 ETLs and interfacial electron transportw as facilitated, leadingt oe nhancedF F. Furthermore, the improvement of V OC was nearly equal to the upward shift of Fermi level calculated from the carrierc oncentration change upon Sb-doping. This indicates there is no shift of conduction band.
To gain further insight into the reasons for the performance enhancement induced by the Sb-doping, the charge-carrier transfer and photo-generated charge recombination lifetime were characterized by time-resolved photoluminescence (TRPL) decay and transientp hotovoltage (TPV) decay.F igure 4c shows the TRPL decay of the CH 3 NH 3 PbI 3 films on various substrates, including bare ITO and SnO 2 -a nd Sb:SnO 2 -coatedI TO substrates. As can be seen, the CH 3 NH 3 PbI 3 film on ITOshowed am uch slower PL decay,i ndicatings low carrier recombination in the perovskite layer.W hen brought into contact with the ntype electron extraction layers, the PL decay werea ccelerated to acomparable rate for both pristine and Sb-doped SnO 2 contacts. Therefore, the Sb-doping has an egligible influence on the electron injectionf rom CH 3 NH 3 PbI 3 to SnO 2 .H owever, the charger ecombination lifetime (0.87 ms) of the Sb:SnO 2 device, deduced from TPV decay curves measured under one sun illuminationa si llustrated in Figure 4d ,w as substantially longer than that (0.34 ms) of the device with pristineS nO 2 .T he longer charge recombination lifetime indicates the suppressed interfacial charge recombination, which wasa ttributed to Sb-doping. As discussed above, increasing the carrier concentration by Sbdoping significantly improved the conductivity. We speculate it would slightly alleviate the chargea ccumulation at the interface of the perovskite with ETL. Additionally,t he excessive donated electrons are supposed to partially fill the trap states, which also leads to reduced recombination and thus enhanced V OC . [10, 14] The statisticso fP CE distributions shown in Figure 4e and fn ot only demonstrate the promise of the Sb:SnO 2 ETL, but also the reliability and reproducibility of the PCE enhancement achieved by the Sb-dopinge ffect. Figure 5a specifically depicts the photovoltaic performance of the optimized device based on Sb:SnO 2 ETL with a J SC of 22.5 mA cm 2À ,aV OC of 1.06 V, and aF Fo f7 4.2 %, yielding aP CE of 17.7 %. The corresponding external quantum efficiency (EQE) spectrumi sp lotted in Figure 5b ,f or which the integrated J SC agreeswell with the value achieved in the J-V curve. To furtherc onfirm the devices tabilitya nd reliability of the perovskite device, the steady-state photocurrent and efficiency measured at the maximump owerp oint (À0.89 V) are presented in Figure5c, where as tabilized PCE of 17.6 %w as obtained. There is stilla ni ncrease in PCE with illumination, indicating the presence of some charge traps in the Sb:SnO 2 ETL. This agrees with the slight photocurrent hysteresis observed. In principle, it can be eliminated by blending Sb:SnO 2 with other passivating ETLs, such as [6,6]-phenyl-C 61 -butyric acid methyl ester (PCBM), which is the focusoffurtherstudy. Ap reliminarys tudy of long-term durability was also performed on devices that were stored in ad esiccator out of the glovebox under room light. As shown in Figure S2 , over 95 % of the original PCE can be retained after storage for 21 days. On the other hand, the demonstration of al ow-temperature solution-processed fullerene-free metal oxide ETL has as ignificant impact on future stable perovskite/silicon tandem device development.T he concern on the instability of fullerenei sr emoved by using pure oxide ETLs. It assuresm uch longero peration lifetimeo wing to its robust nature against H 2 O, O 2 ,a nd UV light. Moreover, it acts as at ri-functional layer when deposited on top of perovskite layer in silicon/perovskite tandem solar cells as part of the top transparent electrode, which extracts electrons, blocks the H 2 Oa nd O 2 from penetrating into the perovskite layer,a nd protects the underlying layers during the sputtering of the transparent conducting oxide electrode.
Conclusions
We report af acile low-temperature solution-processed nanocrystalline Sb:SnO 2 electron-transport layer (ETL) for efficient planar n-i-p perovskite solar cellsw ith significantly reduced hysteresis andh igher efficiency.S b-doping was successfully demonstrated to dramatically enhance the electrical conductivity of SnO 2 ,w hich in turn enhanced the fill factor of the devices. Moreover, an upward shift in the Fermi level of the ETL induced by Sb-doping increased the deviceo pen-circuit voltage.
This work represents an important step towards developing efficient and stable inorganic ETLs for high performance perovskite solar cells withoutr esorting to organic passivation layers.
Experimental Section
Materials synthesis:SnO 2 NCs were prepared according to amodified method.
[8b] SnCl 4 ·5 H 2 O( 1g)w as added to a1 00 mL flask and fully dissolved in 20 mL ethylene glycol by magnetic stirring for 30 min. Subsequently,a cetic acid (2 mL) and of tetramethylammonium hydroxide (2-3 mL, 10 %i nw ater) were added dropwise to the flask immersed in an oil bath to well control the hydrolysis reaction. The resultant clear solution was first kept stirring at 100 8C until it turned to aw hite cloudy mixture, which indicates the complete formation of SnO 2 nanoparticles. Ultimately,t he solution was further refluxed at 170 8Cf or 2h.F or the synthesis of Sb:SnO 2 NCs with different doping levels (2, 4, and 10 mol %), SbCl 3 was used as the dopant source. Upon completion of the reaction, the solution was centrifuged and the supernatant was discarded. The precipitates were re-dispersed in ethanol by ultrasonication. This washing process was repeated at least three times. The washed solids were finally dispersed again in ethanol at ac oncentration of 5-10 mg mL À1 for use to form compact films. Methylammonium iodide (CH 3 NH 3 I) was synthesized using the method described in our previous publication. [15] Device fabrication:S nO 2 and Sb:SnO 2 films were first deposited on cleaned ITOs ubstrates by spin coating the corresponding NC colloid solution at 2500 rpm for 30 s, followed by drying on ah ot plate at 100 8C. This procedure was repeated for three times to control the film thickness and the as-prepared films were further annealed at 100 8Cf or 30 min in air.T he CH 3 NH 3 PbI 3 films were prepared by our previously published solvent annealing-induced interdiffusion method. [13] PbI 2 [dissolved in N,N-dimethylformamide (DMF)] was spin-coated on top of SnO 2 or Sb:SnO 2 /ITO substrates at 6000 rpm for 35 s. CH 3 NH 3 I( dissolved in 2-propanol) was spincoated on top of the dried PbI 2 layer at room temperature at 6000 rpm for 35 s. Afterwards the stacked precursor layers were solvent-annealed at 100 8Cf or 1h.T he HTL solution was spincoated on top of the perovskite layer at 4000 rpm for 30 s, where spiro-OMeTAD in chlorobenzene (1 mL, 90 mg mL À1 )w as employed with addition of lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI) in acetonitrile (23 mL, 520 mg mL À1 ), tris(2-(1H-pyrazol-1-yl)-4-tertbutylpyridine)cobalt(III) tri[bis(trifluoromethane)sulfonimide in acetonitrile (50 mL, 100 mg mL À1 ), and 4-tert-butylpyridine (27 mL). The devices were completed by thermal evaporation of Au (60 nm) as the top electrode. The device working area was 8mm 2 ,a sd efined by the overlap of the ITO substrate and the Au cathode.
Film and device characterization:T he XRD patterns of the NCs were obtained by aB ruker-AXS D8 Discover Diffractometer with CuKa radiation (wavelength of about 1.54 ). TEM and HRTEM analysis were carried out on aF EI OSIRIS microscope. The transmission spectra of ITO substrates without and with SnO 2 or Sb:SnO 2 were obtained by using aL AMBDA 1050 UV-vis-NIR Spectrophotometer.T he SEM images were taken from aQ uanta 200 FEG environmental scanning electron microscope. The resistivity measurements of pristine SnO 2 and Sb:SnO 2 films that were deposited on glass were performed using af our-point probe setup as described in the previous work.
[ 16] EDX line scan was carried out on aF EI Helios NanoLab TM 660 instrument equipped with TEAM energy dispersive spectroscope. The typical electron acceleration voltage for X-ray excitation was 10 kV.T he typical acceleration current was 0.2 nA. The charge-carrier concentration of the pristine and doped films were studied by the Hall effect measurement, which was performed using as ix-contacts Hall bar method. [17] The J-V curves of the devices were measured under AM 1.5 Gi rradiation (100 mW cm À2 ), which was produced by ax enon-lamp-based solar simulator (Oriel 67005, 150 WS olar Simulator). The light intensity was calibrated by aS chott visible-color glass-filtered (KG5 color-filtered) Si diode (Hamamatsu S1133) before photocurrent measurements. AK eithley 2400 Source-Meter was used for recording the J-V measurements. The bias scanning rate was 0.05 Vs
À1
.T he steadystate PCE was measured by recording the photocurrent at ab ias voltage of À0.89 V. The EQE was obtained using aN ewport QE measurement kit by focusing am onochromatic beam of light onto the devices. TRPL was measured by aH oriba DeltaPro timecorrelated single photon counting system. The 404 nm pulsed laser diode was used as the excitation source with pulse width of 45 ps. The scattered laser was eliminated with a6 50 nm long-pass filter.T he detection wavelength range was selected by a7 7nm band-pass filter with band width of 10 nm. The TPV measurements were conducted under one sun illumination according to our previous work. [13] 
